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Introduction {#sec001}
============

Tritylodontids (Synapsida Osborn, 1903 \[[@pone.0220188.ref001]\], Mammaliamorpha Rowe, 1988 \[[@pone.0220188.ref002]\], Tritylodontidae Cope, 1884 \[[@pone.0220188.ref003]\]) are a common, widespread, abundant, and yet understudied component of Mesozoic terrestrial ecosystems. Their earliest records are from the latest Rhaetian (Late Triassic, around 202 Ma) including *Oligokyphus* sp. from Canada \[[@pone.0220188.ref004]\], or the less certainly dated *Oligokyphus triserialis* of Germany \[[@pone.0220188.ref005]\], which, although most likely of Rhaetian age (Late Triassic, 209--201 Ma), could be from any time within the Norian, Rhaetian or Hettangian (Late Triassic to Early Jurassic, \~227--199 Myrs) \[[@pone.0220188.ref006]\]. The last known fossils are from the Lower Cretaceous (Barremian to Aptian; 130--113 Ma) of Japan (*Montirictus* Matsuoka, Kusuhashi, and Corfe, 2016 \[[@pone.0220188.ref007]\]) and Siberia (*Xenocretosuchus* Tatarinov and Matchenko, 1999 \[[@pone.0220188.ref008]\]). This considerable timespan (some 69--114 Ma) and a Cretaceous last appearance indicate that tritylodontids were most likely the last surviving members of the non-mammaliaform synapsids, a group that corresponds approximately to the paraphyletic 'mammal-like reptiles' of earlier usage. With nearly 20 genera and 30 or more species described and generally considered valid, and known from hundreds if not thousands of individuals, they are certainly the most commonly found and well-known late surviving members of this group. To date, tritylodontids are known from Europe, Africa, Asia, North America, and Antarctica \[[@pone.0220188.ref009]\] but have never been reported from Australia, and likely have yet to be discovered in South America (\[[@pone.0220188.ref010]\] contra \[[@pone.0220188.ref011]\]). Body size in Tritylodontidae ranges from small, vole- to rat-sized taxa (the smallest are *Lufengia delicata* and then *Yunnanodon brevirostris*) to large, wolf- or capybara-sized taxa (*Kayentatherium wellesi* and *Bienotherium magnum*) \[[@pone.0220188.ref010], [@pone.0220188.ref012]\]. Given the considerable range of body sizes in Tritylodontidae, we expect the food choice of at least the small- and large-bodied taxa to be different with respect to dietary composition and biomechanical properties of the ingested food items.

When first described, tritylodontids were considered to be some of the earliest known mammals. As such, they were, with little discussion, included within non-ruminant Artiodactyla (the Middle Jurassic *Stereognathus*, \[[@pone.0220188.ref013]\]), as possible members of Marsupialia (based on the Early Jurassic *Tritylodon*, \[[@pone.0220188.ref014]\]), or Rodentia (again based on *Tritylodon*, \[[@pone.0220188.ref015]\]). Cope \[[@pone.0220188.ref003]\] proposed tritylodontids to be members of Multituberculata within Marsupialia (also based on *Tritylodon*), and Simpson \[[@pone.0220188.ref016]\], reviewing the evidence from additional tritylodontid taxa in considerable detail, agreed with the multituberculate position for tritylodontids but disagreed that Multituberculata should be placed within Marsupialia. Subsequent studies of multiple, more complete, specimens (e.g. first Young on *Bienotherium* \[[@pone.0220188.ref017]\], then Kühne on *Oligokyphus* \[[@pone.0220188.ref018]\]) provoked a large shift in opinion, mainly owing to the discovery of postdentary bones still attached to the mandibles, towards tritylodonts most likely being 'mammal-like reptiles' close to the origin of mammals \[[@pone.0220188.ref017], [@pone.0220188.ref018]\]. By phylogenetic definition, tritylodontids are basally divergent members of Mammaliamorpha \[[@pone.0220188.ref002]\], and their alternative phylogenetic placements result in altered compositions and membership of Mammaliamorpha. Although all cladistic analyses agree with Young and Kühne \[[@pone.0220188.ref017], [@pone.0220188.ref018]\] and place Tritylodontidae outside of Mammalia, their exact phylogenetic position is somewhat uncertain \[[@pone.0220188.ref019]\]. Some analyses suggest they are members of a primarily herbivorous non-mammalian synapsid radiation, Cynognathia \[[@pone.0220188.ref020]--[@pone.0220188.ref023]\]. However, most recent authors place them in the clade Probainognathia that includes Mammaliaformes and Mammalia, but not in Cynognathia. In these analyses, tritylodontids are recovered as close relatives, or the closest relatives, of Mammaliaformes, though their exact position is variable. As such, they have been considered either the sister clade to Mammaliaformes \[[@pone.0220188.ref002], [@pone.0220188.ref024], [@pone.0220188.ref025]\] (though the latter called the Mammaliaformes clade Mammalia), or located 2--5 nodes basally of Mammaliaformes in close proximity to *Sinoconodon*, *Adelobasileus*, Brasilodontidae, and Trithelodontidae variably arranged in close proximity \[[@pone.0220188.ref026]--[@pone.0220188.ref033]\].

The structure of the tritylodontid dentition, with auto-occluding multi-cuspid postcanine teeth with 6--11 principal cusps in the upper teeth and 4--6 in the lowers \[[@pone.0220188.ref013], [@pone.0220188.ref017], [@pone.0220188.ref018], [@pone.0220188.ref034]\], and procumbent and/or enlarged, potentially evergrowing incisors \[[@pone.0220188.ref014], [@pone.0220188.ref018], [@pone.0220188.ref035], [@pone.0220188.ref036]\], combined with the robust skull morphology and aspects of the reconstructed skull musculature \[[@pone.0220188.ref037]\], has led to much speculation about the diet of tritylodontids ([S1 Fig](#pone.0220188.s001){ref-type="supplementary-material"}). This began with the first publication on tritylodontids, by Owen \[[@pone.0220188.ref013]\] in which *Stereognathus ooliticus* was described. Concluding from the multi-cuspid and multi-rooted teeth that *Stereognathus* probably belonged to the non-ruminant artiodactyls, Owen stated that "the food of which, if we may judge from the existing hogs and peccaries, was of a mixed nature" (\[[@pone.0220188.ref013]\] p.4). Selby et al. (\[[@pone.0220188.ref038]\] p. 103), in summarizing the find and Owen's description, modified this in stating that Owen considered that *Stereognathus* was "of omnivorous habits".

However, omnivory may not have been Owen's intended dietary hypothesis. Owen \[[@pone.0220188.ref013]\], after describing *Stereognathus*, stated that much of the significance of the specimen lay in the possibility of analysing the process by which the restoration of an unknown animal is made from a single fragment of jaw and teeth. In discussing this in depth with reference to the *Stereognathus* specimen, he did indeed hypothesise that "The broad sex-cuspid crowns of the molar teeth of the *Stereognathus* might crush vegetable matter or insect-cases" (\[[@pone.0220188.ref013]\] p.5). However, he proceeded to show that the teeth were unlike those of known insectivores and closer to those of extinct artiodactyls, and so "Just in the ratio of this resemblance, therefore, is the inclination to view the *Stereognathus* \[...\] as having been herbivorous rather than insectivorous, and as having been most probably a mixed feeder" (\[[@pone.0220188.ref013]\] p.6). In this context, and despite the earlier suggestion of a similar diet to the omnivorous hogs and peccaries, it appears that 'mixed feeder' refers to a mixture of various kinds of plants and plant parts, rather than omnivory, i.e., eating food of both plant and animal origin. Whereas Cope \[[@pone.0220188.ref003]\] (p.691) stated that "the Tritylodontidae \[...\] were also of herbivorous or granivorous habits", and Hu et al. \[[@pone.0220188.ref039]\] (p.385) stated that their "new tritylodontid may have been omnivorous rather than herbivorous" when describing *Yuanotherium*, almost all other hypotheses of the diet of tritylodontids have, similarly to Owen \[[@pone.0220188.ref013]\], suggested herbivory \[[@pone.0220188.ref016], [@pone.0220188.ref018], [@pone.0220188.ref026], [@pone.0220188.ref037], [@pone.0220188.ref040], [@pone.0220188.ref041]\]. Despite these multiple dietary hypotheses, comparisons of the skulls and dentitions of tritylodontids to multituberculates and muroid rodents \[[@pone.0220188.ref035], [@pone.0220188.ref037]\], and the general consensus of herbivory, the diet of tritylodontids has never been formally analysed.

Motivation of the study {#sec002}
-----------------------

Our motivation here, in the first study of tooth wear patterns of the Tritylodontidae is, to use stereomicroscopic dental microwear and 3D surface texture analyses in a sample of ten species of small-, medium-, and large-bodied tritylodontid taxa from the Late Triassic to Early Cretaceous, in order to (1) test their hypothesized adaptation to herbivory, (2) evaluate the influence of different body sizes on diet, and (3) identify possible candidates for fodder plants.

### Hypotheses {#sec003}

The following two hypotheses guided our analysis:

1.  All analyzed tritylodontid taxa subsisted on a predominantly herbivorous diet, i.e., primary and secondary food resources consist of living plants and/or shed plant parts.

2.  Body size had an influence on food choice.

Materials and methods {#sec004}
=====================

Material {#sec005}
--------

We analyzed 39 upper (PC) and lower (pc) postcanine teeth of the following ten tritylodontid taxa: *Oligokyphus major*, *Oligokyphus* sp. (GB), *Oligokyphus* sp. (US), *Oligokyphus triserialis*, *Tritylodon longaevus*, *Stereognathus ooliticus*, *Stereognathus* cf. *ooliticus*, *Stereognathus* sp., *Stereognathus sibiricus*, *Dinnebitodon amarali*, cf. *Dinnebitodon amarali*, *Kayentatherium wellesi*. Stratigraphically, the samples span the Upper Triassic to Lower Cretaceous ([S1 Table](#pone.0220188.s002){ref-type="supplementary-material"}), and geographically, across the Northern Hemisphere and extending to South Africa ([Fig 1](#pone.0220188.g001){ref-type="fig"}, [Table 1](#pone.0220188.t001){ref-type="table"}). Country codes refer to ISO 3166--1 alpha-2.

![Approximate geographic locations and stratigraphic positions of the tritylodontid taxa analyzed in this paper.\
Map reprinted from Wikimedia Commons under a CC BY license, with permission from 'E Pluribus Anthony', original copyright 2006. The map is similar but not identical to the original map and is for illustrative purposes only.](pone.0220188.g001){#pone.0220188.g001}

10.1371/journal.pone.0220188.t001

###### Summary table of the studied taxa.

![](pone.0220188.t001){#pone.0220188.t001g}

  ----------------------------------------------------------------------------------------------------------------------------------------------------------
  Taxon\                                Body size estimation   Stratigraphic age                     Locality
  (specimens studied)                                                                                
  ------------------------------------- ---------------------- ------------------------------------- -------------------------------------------------------
  *Oligokyphus major* (2)               Small                  Early Jurassic (Pliensbachian)        Windsor Hill, GB

  *Oligokyphus* sp. (1)                 Small                  Early Jurassic (Hettangian)           Pant 4 quarry, St. Brides Island, GB

  *Oligokyphus* sp. (1)                 Small                  Early Jurassic (Pliensbachian)        Kayenta Fm., US

  *Oligokyphus triserialis* (1)         Small                  Upper Triassic (Rhaetian)             Olgahain, DE

  *Tritylodon longaevus* (1)            Large                  Early Jurassic                        South Africa

  *Stereognathus ooliticus* (5)         Medium                 Middle Jurassic\                      Hornsleasow, GB
                                                               (Early Bathonian)                     

  *Stereognathus* cf. *ooliticus* (1)   Medium                 Middle Jurassic (Late Bathonian)      Old Cement Works Quarry, Kirtlington, Oxfordshire, UK

  *Kayentatherium wellesi* (3)          Large                  Early Jurassic (Pliensbachian)        Kayenta Fm., US

  *Dinnebitodon amarali* (3)            Medium                 Early Jurassic (Pliensbachian)        Kayenta Fm., US

  *Stereognathus* sp. (14)              Medium                 Middle Jurassic (Bathonian)           Itat Fm. (I2), Berezovsk Quarry, Krasnoyarsk, RU

  *Stereognathus sibiricus* (7)         Medium                 Early Cretaceous (Barremian-Aptian)   Ilek Fm., W1-Shestakovo 1, RU
  ----------------------------------------------------------------------------------------------------------------------------------------------------------

Country codes refer to ISO 3166--1 alpha-2.

### Body size estimations {#sec006}

Where possible, we chose specimens that were at least two-thirds of the size of the largest known individual, based on the width of the upper or lower teeth, to ensure that adults of each species were being compared. We also determined the three size categories used based on maximum known skull size for the species, and for species where skull size was not available, on maximum upper or lower tooth width. We follow Gaetano et al. \[[@pone.0220188.ref010]\] but with modifications for some species to take into account skull incompleteness and larger known individuals. Skull lengths of 0--99 mm, 100--199 mm and 200 mm+ were used for our categories of small-, medium-, and large-bodied tritylodontids. Tritylodontids analysed in the small category are *Oligokyphus* sp. (GB), *Oligokyphus* sp. (US), *Oligokyphus triserialis* and *Oligokyphus major*; in the medium category, *Stereognathus ooliticus*, *Stereognathus* cf. *ooliticus*, *Stereognathus* sp., *Stereognathus sibiricus*, *Dinnebitodon amarali*, cf. *Dinnebitodon amarali;* and in the large category, *Tritylodon longaevus* and *Kayentatherium wellesi* ([S1 Table](#pone.0220188.s002){ref-type="supplementary-material"}).

Although larger species, such as *Kayentatherium*, are considered to have had reptilian, non-determinant growth \[[@pone.0220188.ref037]\], recent work suggests smaller taxa, such as *Oligokyphus major*, may have followed a growth pattern previously unknown and in between that of most mammals and reptiles \[[@pone.0220188.ref042]\]. Nonetheless, we feel our delimitation of two-thirds adult size together with the three size categories ensure the majority of specimens used are probably adults, and adequately capture the range of size variation within tritylodontids. It should be noted that *Kayentatherium* and *Dinnebitodon*, in the large-bodied and medium-bodied size categories, respectively, had only juveniles with successful tooth microwear readings, so caution should be taken with interpretations of body size and diet in these taxa (see also [discussion](#sec012){ref-type="sec"}).

### Acronyms to museum collections {#sec007}

Acronyms to museum collections: BRSUG: Geology Museum, University of Bristol, Bristol, GB; FMNH: Finnish Museum of Natural History, Helsinki, Finland; GLRCM: Gloucester City Museum, Gloucester, GB; GPIT: Paläontologische Sammlung, Fachbereich Geowissenschaften, Universität Tübingen, DE; MCZ: Museum of Comparative Zoology, Harvard, Massachusetts, USA; NHMUK: Natural History Museum, London, GB; USNM PAL: National Museum of Natural History, Department of Paleobiology, Washington D.C., USA; ZIN PH: Paleoherpetological collection of the Zoological Institute, Russian Academy of Sciences, Saint Petersburg, RU.

Methods {#sec008}
-------

A recent study \[[@pone.0220188.ref043]\] comparing tooth microwear patterns using stereomicroscopy and scanning electron microscopy (SEM) showed that the combination of the two approaches leads to a more robust and objective interpretation of feeding adaptations, especially in extinct taxa. Here, we applied a different combination of methods to analyze microwear (stereomicroscopy and 3D surface texture) for a sample of ten tritylodontid taxa spanning the Upper Triassic to Lower Cretaceous. Similar target areas on identical facets were analyzed by only one user per method (DCK for stereomicroscopy and ESK for 3D surface texture analysis). Both approaches have proven useful for recognizing species-specific differences in microscopic scars but they reveal evidence at very different magnifications, illumination, field of view (area analyzed), and parameters evaluated. Therefore, we did not attempt to directly compare the results of the two methods but interpreted them independently, then combined these interpretations to develop hypotheses concerning the feeding adaptations in tritylodontid taxa.

Wear features on all available genuine facets were analyzed regardless of tooth position. This approach was necessary owing to the frequent traces of postmortem alterations \[[@pone.0220188.ref044]\] and/or the rapid loss of the thin enamel layer \[[@pone.0220188.ref020]\] on the steep slopes of tritylodont postcanines. On this basis, 39 facets of 10 taxa could be used for this study.

Stereoscopic analysis of microwear was undertaken using a Zeiss Discovery V12 stereomicroscope set to a magnification of ×100 with a target area of 100 μm^2^, following the protocol defined by Solounias and Semprebon \[[@pone.0220188.ref045]\]. We used the following ten parameters:

-   number of small pits (SP)

-   number of large pits (LP)

-   presence of large pits: 0 = absent or one LP, 1 = present (two or more LP)

-   total number of pits (TP)

-   number of fine scratches (FS)

-   number of coarse scratches (CS)

-   presence of coarse scratches: 0 = absent or one CS, 1 = present (two or more CS)

-   total number of scratches (TS)

-   presence of gouges (G): 0 = absent or one G, 1 = present (two or more G)

-   presence of puncture pits (PP): 0 = absent or one PP, 1 = present (two or more PP).

3D surface texture analysis (according to ISO 25178; after \[[@pone.0220188.ref046]\]) with 30 parameters was executed with a disc-scanning surface instrument μsurf custom (Nanofocus, Oberhausen, Germany) set to a ×100 long distance objective with a target area of 160×160 μm ([Fig 2](#pone.0220188.g002){ref-type="fig"}). Scans with 95% or more of the surface measured were accepted. Each of the surface scans needed metrological pre-processing to reduce the nominal form (F-Operator, for more details see ISO 25178) and measurement noise (low pass S-Filter: median filter with filter size 5x5 and Gaussian filter with filter size 3x3; default cut offs are used) before parameters could be applied. We applied the following procedures using Mountains Map Premium v. 7.4.8076 analysis software (Digital Surf, Besançon, France): leveling (least square method), mirroring the y- and z-axes in the case of casts, and outlier removal (removal of isolated outliers and those around edges, with normal strength, removal of noise), fill in of non-measured points (smoothing method), and removal of form using a 2nd degree polynomial. From the meshed axiomatic 3D models, we chose the following four of the 30 ISO 25178 parameters for further analysis: closed dale area (*Sda*), pit void volume with p = 80% (*Vvv*), arithmetic mean peak curvature (*Spc*), and peak density (*Spd*) with Wolfpruning of 5%. 3D surface texture parameters are used to obtain an overall understanding of the damage to the surfaces, and were chosen to be representative for the feature and functional parameters of the ISO 25178 and to be potentially diagnostic of differences in surface features. We chose a set of four feature parameters as robust representatives for the feature microtopography responsible for trapping food particles indicating the area of the dales (*Sda*); the curvature of the peaks (*Spc*), indicating the density of the peaks (*Spd*), and one functional parameter quantifying the volume of the dales (*Vvv*). Initially, we checked all 30 ISO 25178 parameters. However, because many of the possible parameters are correlated, we chose four parameters (the same number as for stereoscopic microwear) that were complimentary to the absence/presence or count data in stereoscopic microwear analysis.

![Surface texture (coloured) meshed axiomatic models for species used in the ANOVA.\
3D top view normalized in XYZ, 100% resolution, tile size = 160x160 μm; (a) *Stereognathus ooliticus* (GLRCM 2104); (b) *Oligokyphus major* (BRSUG 26300); (c) *Stereognathus* sp. (ZIN PH 64/117); (d) *Stereognathus sibiricus* (ZIN PH 9/154); (e) *Kayentatherium wellesi* (MCZ 8811); (f) *Dinnebitodon amarali* (MCZ 8830--1). Color scale corresponds to height on the z-axis with red representing higher elevations and blue lower elevations.](pone.0220188.g002){#pone.0220188.g002}

Statistical tests were performed using PAST v. 3.14 \[[@pone.0220188.ref047]\]. Differences between species were tested using one-way analysis of variances (ANOVA), which is a standard procedure for microwear data. Because surface texture data is hardly ever normally distributed and homoscedastic, we decided to adopt a comparative approach to stereoscopic microwear and rank-transform (*Spc*, *Spd*) or log-transform (*Sda*, *Vvv*) surface texture parameters. Tukey's test was used to assess the numerical parameters for differences between species (only for species with n≥2). A Kruskal-Wallis test for equal medians was used for the non-numerical (presence/absence) parameters to identify significant differences between species. Principle component analysis (PCA) applying a variance-covariance matrix was used to visualize relatedness between taxa. We set the cut-off for the loadings to +/− 0.7; this allowed us to isolate the dominant use-wear features for each taxon.

Results {#sec009}
=======

Stereomicroscopic microwear {#sec010}
---------------------------

The stereoscopic microwear results (Tables [2](#pone.0220188.t002){ref-type="table"} and [3](#pone.0220188.t003){ref-type="table"}, [S2 Table](#pone.0220188.s003){ref-type="supplementary-material"}) revealed that wear features were predominantly fine with numerous small pits and less common fine scratches. One-way ANOVA results (species with N≥2) show significant differences in the number of small pits (SP) between eleven of 14 species pairs ([Table 3](#pone.0220188.t003){ref-type="table"}), with the exceptions between *Stereognathus ooliticus* and both Russian species of *Stereognathus*, and between *Oligokyphus major* and *Dinnebitodon amarali*. *Stereognathus ooliticus* differs from the Russian Jurassic *Stereognathus* sp. in having significantly more numerous coarse scratches (CS) but does not differ significantly from the Cretaceous *Stereognathus sibiricus* in any of the four numeric parameters. The number of fine scratches (FS) differs significantly between eight of the 14 species pairs. The number of large pits (LP) only differs significantly between *Kayentatherium wellesi* and the Jurassic *Stereognathus* sp. with the latter having lower values. Three species pairs show the most possible, i.e. four, significant differences: *S*. *sibiricus*--*K*. *wellesi* and *S*. *sibiricus*--*D*. *amarali* (SP, FS, G, PP); *K*. *wellesi*--*Stereognathus* sp. (SP, LP, FS, G). There are no significant differences between the two Russian species of *Stereognathus*.

10.1371/journal.pone.0220188.t002

###### Stereoscopic microwear parameters for all individuals.

![](pone.0220188.t002){#pone.0220188.t002g}

  Taxon and country collected            Collection ID      SP          LP         TP         FS         CS         TS         G          PP
  -------------------------------------- ------------------ ----------- ---------- ---------- ---------- ---------- ---------- ---------- ----------
  *Oligokyphus* sp. (GB)                 NHMUK PV R 37376   9.5         6.75       16.3       6.4        2          8.4        0          1
  *Oligokyphus* sp. (US)                 MCZ 111 AR 83      6.5         7.5        14         3.75       1          4.75       0          1
  *Oligokyphus triserialis* (DE)         GPIT-1577-8        10.5        5.5        16         6          0.5        6.5        1          1
  *Tritylodon longaevus* (ZA)            FMNH P30036        13          1          14         7.25       0          7.25       0          0
  *Oligokyphus major* (GB)               BRSUG 26300        14.9        3.3        18.2       4.2        0.7        4.9        0          1
                                         BRSUG 26295_D      14.3        7.75       22         6.5        4          10.5       0          0
  **Mean**                                                  **14.6**    **5.53**   **20.1**   **5.35**   **2.35**   **7.7**    **0**      **0.5**
  **St Dev**                                                **0.46**    **3.15**   **2.69**   **1.63**   **2.33**   **3.96**   **0**      **0.71**
  *Stereognathus ooliticus* (GB)         GLRCM H38-9        10          2.5        12.5       2.5        0.13       2.63       0          0
                                         GLRCM 75710        9.25        6.5        15.8       7.75       1          8.75       0          0
                                         GLRCM 2104         9.75        6.25       16         8          5.25       13.3       0          0
                                         GLRCM H 174        11.7        4          15.7       5.67       4.33       10         0          0
                                         GLRCM TRAY-12-22   10          8.5        18.5       6.25       4.75       11         1          1
  *Stereognathus* cf. *ooliticus* (GB)   FMNH P30037        10.5        6.5        17         8.5        6          12.5       0          0
  **Mean**                                                  **10.3**    **5.34**   **15.6**   **5.70**   **2.45**   **8.01**   **0.14**   **0.44**
  **St Dev**                                                **3.70**    **2.21**   **4.48**   **2.04**   **2.04**   **3.23**   **0.36**   **0.48**
  *Kayentatherium wellesi* (US)          MCZ 8837           24          7.5        31.5       17         0          17         0          0
                                         MCZ 8811           25          3.25       28.3       12.1       3.2        15.3       0          1
                                         USNM PAL 317208    24.8        8.25       33         11.8       2.5        14.3       0          0
  **Mean**                                                  **24.59**   **6.33**   **30.9**   **13.6**   **1.9**    **15.5**   **0**      **0.33**
  **St Dev**                                                **0.52**    **2.7**    **2.43**   **2.93**   **1.68**   **1.39**   **0**      **0.58**
  *Dinnebitodon amarali* (US)            MCZ 8830--1        13          4.75       17.8       18.3       5          23.3       0          1
                                         MCZ 8831           23.3        5          28.3       11         0          11         0          0
  cf. *Dinnebitodon amarali* (US)        MCZ 4 (8931)       16.5        5.25       21.8       7.5        1.75       9.25       0          0
  **Mean**                                                  **17.6**    **5**      **22.6**   **12.3**   **2.25**   **14.5**   **0**      **0.33**
  **St Dev**                                                **5.24**    **0.25**   **5.33**   **5.48**   **2.54**   **7.63**   **0**      **0.58**
  *Stereognathus* sp. (RU)               ZIN PH 63/117      9           3          12         4          1.25       5.25       1          1
                                         ZIN PH 64/117      10          0          10         4.5        0          4.5        0          1
                                         ZIN PH 65/117      10          2.5        12.5       3          0          3          1          1
                                         ZIN PH 66/117      9.5         0          9.5        3          0          3          0          0
                                         ZIN PH 67/117      5.5         2          7.5        2.5        0          2.5        1          1
                                         ZIN PH 68/117      11          3          14         3.5        0          3.5        1          1
                                         ZIN PH 69/117      9           2          11         3.5        0          3.5        1          0
                                         ZIN PH 70/117      8.5         2          10.5       5          0          5          1          0
                                         ZIN PH 71/117      7.5         1          8.5        3.5        0          3.5        1          1
                                         ZIN PH 72/117      11.5        2          13.5       5.5        0          5.5        1          0
                                         ZIN PH 73/117      9           3.5        12.5       5.5        0.5        6          1          1
                                         ZIN PH 74/117      8           1          9          4          0          4          0          0
                                         ZIN PH 75/117      8.5         4.5        13         4.5        0          4.5        1          1
                                         ZIN PH 76/117      6.5         3          9.5        5          0          5          1          1
  **Mean**                                                  **8.82**    **2.11**   **10.9**   **4.07**   **0.13**   **4.20**   **0.79**   **0.64**
  **St Dev**                                                **1.62**    **1.29**   **2.02**   **0.96**   **0.35**   **1.07**   **0.43**   **0.5**
  *Stereognathus sibiricus* (RU)         ZIN PH 3/154       7.5         5          12.5       4.5        2          6.5        1          1
                                         ZIN PH 4/154       7           2.5        9.5        4.5        0          4.5        0          1
                                         ZIN PH 5/154       10          5          15         7.5        2.5        10         1          1
                                         ZIN PH 6/154       9.5         6          15.5       4.5        1.5        6          1          1
                                         ZIN PH 7/154       5.5         2          7.5        4          0.5        4.5        1          1
                                         ZIN PH 8/154       8           3          11         7.5        1          8.5        1          1
                                         ZIN PH 9/154       10          2.5        12.5       4          0          4          1          1
  **Mean**                                                  **8.21**    **3.71**   **11.9**   **5.21**   **1.07**   **6.29**   **0.86**   **1**
  **St Dev**                                                **1.70**    **1.58**   **2.86**   **1.58**   **0.98**   **2.25**   **0.38**   **0**

Numbers show individual means, species means (Mean; bold), and standard deviations (St Dev; bold). Abbreviations (ordered as in table): SP = mean number of small pits; LP = mean number of large pits; TP = mean number of total pits; FS = mean number of fine scratches; CS = mean number of coarse scratches: TS = mean number of total scratches; G = gouges; PP = puncture pits; 0 = feature absent; 1 = feature present

10.1371/journal.pone.0220188.t003

###### Pairwise comparisons of tritylodontid species with N ≥ 2.

![](pone.0220188.t003){#pone.0220188.t003g}

                                  *Stereognathus ooliticus*   *Kayentatherium wellesi*   *Dinnebitodon amarali*   *Stereognathus* sp.   *Stereognathus sibiricus*
  ------------------------------- --------------------------- -------------------------- ------------------------ --------------------- ---------------------------
  ***Oligokyphus major***         SP                          SP, FS, *Spc*              FS                       SP, G                 SP, G
  ***Stereognathus ooliticus***                               SP, FS                     SP, FS                   CS, G                 G, PP
  ***Kayentatherium wellesi***                                                           SP                       SP, LP, FS, G         SP, FS, G, PP
  ***Dinnebitodon amarali***                                                                                      SP, FS, G, *Spd*      SP, FS, G, PP, *Spd*
  ***Stereognathus* sp.**                                                                                                               --

Pairwise comparisons depict significant differences (p\<0.05) of SP (number of small pits), LP (number of large pits), FS (number of fine scratches), CS (number of coarse scratches), G (presence of gouges), PP (presence of puncture pits), *Spc* (curvature of the peaks), and *Spd* (peak density). Surface texture parameters are in italics.

A Kruskal-Wallis test for the two non-parametric parameters (presence/absence of gouges; presence/absence of puncture pits) was run for the individual means of the species with N≥2. The two Russian *Stereognathus* species similarly bear numerous gouges (G) but they are significantly different from all other species, which have no G or low presence values. The Cretaceous *Stereognathus sibiricus* is the only taxon having a 100% presence of puncture pits (PP) and hence differs significantly from *Stereognathus ooliticus*, *Kayentatherium wellesi*, and *Dinnebitodon amarali*.

Species with N = 1 \[*Oligokyphus* sp. (GB), *Oligokyphus* sp. (US), *Oligokyphus triserialis*, *Tritylodon longaevus*\] could not be tested statistically. Regarding SP, all have low or low to moderate values, which are very different from *Oligokyphus major*, *Kayentatherium wellesi*, and *Dinnebitodon amarali*. *Oligokyphus* sp. (US) has the highest and *Oligokyphus* sp. (GB) the second highest values of LP and, therefore, are very different from *Tritylodon longaevus* and both Russian *Stereognathus* species. *Tritylodon longaevus* has the lowest number of large pits, i.e. a single large pit, and lacks CS, gouges (G), and puncture pits (PP), and is thus the taxon with the fewest coarse features. The small-bodied *Oligokyphus* sp. (US) has the lowest number of FS (n = 3.75) and in this respect is similar to *O*. *major*, and the two Russian *Stereognathus* species (the last two medium-bodied) but different from *K*. *wellesi*, *D*. *amarali*, and *T*. *longaevus*. *Oligokyphus triserialis* has a very low value for CS (n = 0.5) but features both G and PP and is thus similar to both Russian *Stereognathus* species. *Oligokyphus* sp. (GB) and *Oligokyphus* sp. (US) both lack G and, therefore, are different from the Russian *Stereognathus* species, but show PP like the latter and *O*. *triserialis*.

A principal component analysis (PCA) ([Fig 3](#pone.0220188.g003){ref-type="fig"}, [S3 Table](#pone.0220188.s004){ref-type="supplementary-material"}) was run on a variance-covariance matrix including individual mean values of the following four numerical wear parameters showing significant differences: number of small pits; number of large pits; number of fine scratches; number of large scratches. The first principal component (PC1) is strong and explains about 74.5% of the total variance, the second component (PC2) explains about 15%, and the third component (PC3) about 7.5%. We, therefore, considered components beyond the third to be insignificant in terms of their contribution to the total variance, and excluded these from further analyses.

![Scatter plot of principle components 1 and 3 on stereoscopic microwear parameters.\
Stereoscopic microwear parameters used are: number of small pits (SP); number of large pits (LP); number of fine scratches (FS); number of coarse scratches (CS). Convex hulls embrace areas taken by taxa with N \> 2; symbols represent individual means.](pone.0220188.g003){#pone.0220188.g003}

PC1 features a high positive loading for the number of small pits. *Kayentatherium wellesi* and *Dinnebitodon amarali* plot furthest right on the scatter plot with the highest small pit values, followed by *Oligokyphus major* with somewhat lower values. *Oligokyphus* sp. (US) and the two Russian species of *Stereognathus* have the lowest small pit values and plot at the left end of the scatter plot. PC2 shows character loadings only below the cut-off of 0.7; it is most influenced by the number of large pits. PC3 shows a high negative loading above the cut-off for the number of fine scratches. With the highest values, *D*. *amarali*, *Kayentatherium wellesi* and the single tooth of *Tritylodon longaevus* tend towards the lower end of the scatter plot. *Oligokyphus* sp. (US) and *O*. *major* can be found at the upper end of the plot.

The bivariate plot ([Fig 4](#pone.0220188.g004){ref-type="fig"}) compares the two principal components (number of fine scratches versus number of small pits) for individual mean values of all ten taxa analyzed. *Kayentatherium wellesi* shows values well above ten for the number of FS and well above 20 for the number of SP and, therefore, plots at the uppermost right corner of the field. Values for *Dinnebitodon amarali* are variable but still high for both characters. *Oligokyphus major* and *Tritylodon longaevus* have values well above 10 for the number of SP but lower values for the number of FS. *Stereognathus ooliticus* tends towards having higher values for the number of FS but most individuals have values around seven and around ten for SP. Both Russian *Stereognathus* species have low values for the number of FS and the number of SP and, therefore, plot at the lowermost left corner of the scatter plot. However, *Stereognathus sibiricus* tends to have somewhat higher values of FS compared with the Jurassic species of Russian *Stereognathus*. *Oligokyphus triserialis* and *Oligokyphus* sp. (GB) plot in between the areas occupied by *S*. *ooliticus* and the space filled by the two Russian *Stereognathus* species. *Oligokyphus* sp. (US) is characterized by very low values for the number of SP and, therefore, plots near the bottom of the graph.

![Bivariate plot of stereomicroscopic microwear parameters: Number of fine scratches (FS) versus number of small pits (SP).\
Convex hulls embrace the areas taken by taxa with N \> 2; symbols represent individual means.](pone.0220188.g004){#pone.0220188.g004}

3D surface texture {#sec011}
------------------

One-way ANOVA results (species with N≥2) show significant differences in peak curvature (*Spc*) and peak density (*Spd*) between three of the 14 species pairs only ([Table 3](#pone.0220188.t003){ref-type="table"}). The absence of significant differences in mean dale area (*Sda*) and pit void volume (*Vvv*) indicates that all species overlap and are very similar ([Table 3](#pone.0220188.t003){ref-type="table"}, [S2 Table](#pone.0220188.s003){ref-type="supplementary-material"}). However, the Tukey's pairwise comparison reveals that *Kayentatherium wellesi* has sharper peaks (smaller peak curvature *Spc*) than *Oligokyphus major* from GB. Both Russian taxa of *Stereognathus* have smaller peak densities (*Spd*) than the North American taxon *Dinnebitodon amarali* ([Table 3](#pone.0220188.t003){ref-type="table"}).

Species with N = 1 \[*Oligokyphus* sp. (GB), *Oligokyphus* sp. (US), *Oligokyphus triserialis*, *Tritylodon longaevus*\] could not be tested statistically. Regarding peak density (*Spd*), *Oligokyphus* sp. from US has the largest values of all species; *Oligokyphus triserialis* is closest to *Oligokyphus* sp. (GB) and *Tritylodon longaevus* overlaps with the three *Stereognathus* taxa ([Table 4](#pone.0220188.t004){ref-type="table"}).

10.1371/journal.pone.0220188.t004

###### Surface texture parameters for all individuals.

![](pone.0220188.t004){#pone.0220188.t004g}

  Taxon and country collected            Collection ID      *Vvv*       *Spd*       *Spc*        *Sda*
  -------------------------------------- ------------------ ----------- ----------- ------------ ------------
  *Oligokyphus* sp. (GB)                 NHMUK PV R 37376   0.216       0.021       47.01        15.98
  *Oligokyphus* sp. (US)                 MCZ 111 AR 83      0.458       0.063       63.25        13.08
  *Oligokyphus triserialis* (DE)         GPIT-1577-8        0.142       0.009       237.34       132.71
  *Tritylodon longaevus* (ZA)            FMNH P30036        0.221       0.002       133.26       86.49
  *Oligokyphus major* (GB)               BRSUG 26300        0.124       0.004       97.56        99.78
                                         BRSUG 26295_D      0.168       0.014       168.36       47.71
  **Mean**                                                  **0.221**   **0.019**   **124.46**   **65.96**
  **St Dev**                                                **0.122**   **0.023**   **71.01**    **48.27**
  *Stereognathus ooliticus* (GB)         GLRCM H38-9        0.140       0.010       61.23        38.84
                                         GLRCM 75710        0.310       0.022       69.01        34.94
                                         GLRCM 2104         0.103       0.002       80.89        265.76
                                         GLRCM H 174        0.080       0.001       45.90        74.50
                                         GLRCM TRAY-12-22   0.066       0.001       43.25        38.41
  *Stereognathus* cf. *ooliticus* (GB)   FMNH P30037        0.113       0.001       101.24       90.72
  **Mean**                                                  **0.135**   **0.006**   **66.92**    **90.53**
  **St Dev**                                                **0.089**   **0.009**   **21.96**    **88.81**
  *Kayentatherium wellesi* (US)          MCZ 8837           0.103       0.002       20.57        163.35
                                         MCZ 8811           0.101       0.010       35.43        100.88
                                         USNM PAL 317208    0.070       0.010       24.88        51.82
  **Mean**                                                  **0.091**   **0.007**   **26.96**    **105.35**
  **St Dev**                                                **0.018**   **0.005**   **7.65**     **55.90**
  *Dinnebitodon amarali* (US)            MCZ 8830--1        0.074       0.011       9.51         69.35
                                         MCZ 8831           0.097       0.008       24.52        89.52
  cf. *Dinnebitodon amarali* (US)        MCZ 4 (8931)       0.106       0.029       63.55        29.29
  **Mean**                                                  **0.092**   **0.016**   **32.53**    **31.36**
  **St Dev**                                                **0.017**   **0.012**   **27.90**    **27.42**
  *Stereognathus* sp. (RU)               ZIN PH 63/117      0.232       0.001       45.74        40.92
                                         ZIN PH 64/117      0.114       0.001       62.44        11.69
                                         ZIN PH 65/117      0.137       0.003       56.56        245.73
                                         ZIN PH 66/117      0.147       0.002       47.53        105.22
                                         ZIN PH 67/117      0.185       0.001       48.03        220.94
                                         ZIN PH 68/117      0.182       0.001       32.64        44.02
                                         ZIN PH 69/117      0.109       0.002       20.22        152.38
                                         ZIN PH 70/117      0.129       0.004       65.15        373.40
                                         ZIN PH 71/117      0.108       0.002       12.07        289.59
                                         ZIN PH 72/117      0.132       0.004       118.07       59.22
                                         ZIN PH 73/117      0.097       0.001       12.45        156.77
                                         ZIN PH 74/117      0.192       0.001       48.69        211.98
                                         ZIN PH 75/117      0.067       0.002       1.40         339.89
                                         ZIN PH 76/117      0.118       0.001       62.35        144.21
  **Mean**                                                  **0.139**   **0.002**   **45.24**    **171.14**
  **St Dev**                                                **0.044**   **0.001**   **29.51**    **114.29**
  *Stereognathus sibiricus* (RU)         ZIN PH 3/154       0.067       0.001       14.85        195.29
                                         ZIN PH 4/154       0.146       0.002       124.22       356.25
                                         ZIN PH 5/154       0.272       0.002       93.91        11.67
                                         ZIN PH 6/154       0.064       0.001       8.66         634.19
                                         ZIN PH 7/154       0.085       0.003       1.39         238.98
                                         ZIN PH 8/154       0.129       0.003       54.79        152.07
                                         ZIN PH 9/154       0.117       0.002       81.48        408.86
  **Mean**                                                  **0.126**   **0.002**   **54.19**    **285.33**
  **St Dev**                                                **0.072**   **0.001**   **47.67**    **202.03**

Numbers show individual means, species means (Mean; bold), and standard deviations (St Dev; bold). Abbreviations (ordered as in table): *Vvv* = pit void volume (μm^3^/μm^2^); *Spd* = peak density (1/μm^2^), *Spc* = arithmetic mean peak curvature (1/μm); *Sda* = mean dale area (μm^2^).

A principle component analysis (PCA) was run on a variance-covariance matrix including individual means of the four numerical and transformed parameters (rank-transformed for *Spc* and *Spd* and log-transformed for *Vvv* and *Sda*). The first component explains about 61% of the total variance, the second component explains about 38.9%, and the third component about 0.07%; loadings are given in the [S3 Table](#pone.0220188.s004){ref-type="supplementary-material"} and the scatter plot of component 1 and 2 in [Fig 5](#pone.0220188.g005){ref-type="fig"}. PC1 features the highest positive loadings for peak curvature and peak density, whereas void volume and dale area are comparably very low. The main loadings are not particularly high and only very slightly above the cut-off of 0.7. On PC2, peak density has a negative and peak curvature a positive loading explaining most of the vertical spread of the data. The three *Stereognathus* taxa are in a centric position and overlap most, whereas *Dinnebitodon* plots in the most distinctive position in the right lower part with only slight overlap with *Kayentatherium*. Most *Oligokyphus* individual mean data points are on the right of PC1, as is that of *Tritylodon triserialis*.

![Scatter plot of principle components 1 and 2 on 3D surface texture parameters.\
3D surface texture parameters used are: pit void volume (*Vvv* in μm^3^/μm^2^), mean dale area (*Sda* in μm^2^), peak density (*Spd*, 1/μm^2^) and arithmetic mean peak curvature (*Spc*, 1/μm). Convex hulls embrace the areas taken by each taxon (for taxa with n \> 2); symbols represent individual means.](pone.0220188.g005){#pone.0220188.g005}

The bivariate plot ([Fig 6](#pone.0220188.g006){ref-type="fig"}) is made with the individual mean values for the parameters pit void volume (*Vvv* in μm^3^/μm^2^) and mean dale area (*Sda* in μm^2^) of all ten taxa analyzed. As indicated by ANOVA and PCA, a large overlap between the three *Stereognathus* taxa is evident denoted by a narrow range of void volume (*Vvv*) and the widest variety of dale area (*Sda*) for both taxa from Russia. However, *Stereognathus ooliticus* from GB has the lowest *Sda* values of the three *Stereognathus* taxa, but also has a larger variety of dale area (*Sda*) overlapping in that parameter with *Dinnebitodon* and *Kayentatherium*.

![Bivariate plot of surface texture parameters pit void volume (*Vvv* in μm^3^/μm^2^) versus mean dale area (*Sda* in μm^2^).\
Convex hulls embrace the area taken by each taxon (for taxa \> 2); symbols represent individual means.](pone.0220188.g006){#pone.0220188.g006}

Discussion {#sec012}
==========

Both approaches (stereomicroscopic microwear and 3D surface texture) independently determined that most taxa were omnivores with heterogeneous plant parts and animal matter, probably mostly insects, as major food resources. We do not see any signs of the exploitation of roots, tubers, or other underground repository organs of plants, an adaptation that primarily produces extensive coarse and hypercoarse microwear features (pits, scratches, and gouges) on cheek teeth in mammals \[[@pone.0220188.ref045]\]. However, feeding on subaerial organs, such as hard-seeds and cones can produce large pits, puncture pits, or coarse scratches as found on the analyzed tooth surfaces \[[@pone.0220188.ref048]\]. The rounded and less frequent peaks in surface texture features are interpreted as evidence for little abrasion by extrinsic mineral grains \[[@pone.0220188.ref049]--[@pone.0220188.ref051]\]. We link the rounding of the peaks to attritional contacts and polishing by fluid-rich materials \[[@pone.0220188.ref051]\], such as softer plant components (e.g., fleshy seed coats, seed kernels, leaf mesophyll, fleshy megasporophylls, or arils) or animal components (e.g., insect viscera enclosed in the exoskeleton).

We are aware of the varied problems when comparing tritylodontid dental microwear and 3D surface texture features with those in extant mammals. Using extant mammals as a comparative dataset is beneficial because most published results on stereomicroscopic microwear/3D surface textures of teeth are based on studies of modern mammals (comprising, to a large extent, ungulates and primates \[[@pone.0220188.ref045], [@pone.0220188.ref048], [@pone.0220188.ref050], [@pone.0220188.ref052]--[@pone.0220188.ref054]\], but also small mammals \[[@pone.0220188.ref049], [@pone.0220188.ref055], [@pone.0220188.ref056]\]). However, such comparisons are problematic because of the floral disparity between geological periods (gymnosperms dominated Mesozoic floras, whereas angiosperms dominated Cenozoic vegetation). Further, the backward-directed power stroke during the chewing movement of tritylodontids (to our knowledge not employed by any extant mammal) and the equivocal comparability of life styles and habitats between tritylodontids and modern mammals make direct comparisons of feeding behavior difficult. Only two studies to date have analyzed dental microwear features in non-mammalian cynodonts: Goswami et al. \[[@pone.0220188.ref057]\] investigated Traversodontidae using scanning electron microscopy; Kubo et al. \[[@pone.0220188.ref058]\] analysed the dental microwear of *Exaeretodon argentinus* (Therapsida) using confocal microscopy. In the following section, we use the extant mammal dataset for comparisons, but we stress that our interpretations are with caution and discretion.

Stereomicroscopic microwear {#sec013}
---------------------------

We observed a predominantly fine-wear signature in all ten analyzed taxa, suggesting an overall low to moderate abrasiveness of food items. The one-way ANOVA and PCA identified the number of small pits (SP) and number of fine scratches (FS) as the most powerful parameters segregating taxa ([Table 3](#pone.0220188.t003){ref-type="table"}); SP numbers always exceed the numbers of FS. However, almost all microwear profiles of the tritylodontids tested reflect the feeding on hard food items or exogenous effects (contamination of food with grit), or both to some degree.

None of the analyzed taxa within Tritylodontidae was a dietary specialist on the basis of the stereoscopic microwear results. All species have plant parts in their diet, in combination with soft- and/or hard-bodied insects, the latter having a moderate abrasive effect on tooth surfaces \[[@pone.0220188.ref059]--[@pone.0220188.ref061]\]. However, *Tritylodon longaevus* and the two Russian *Stereognathus* species feature only low to moderate counts of pits and scratches of all kinds suggesting that insects were a food resource of minor importance. Hard objects, such as leathery cones/megasporophylls and/or seeds were regularly consumed by the *Oligokyphus* taxa tested and by the two Russian *Stereognathus*.

The large-bodied *Kayentatherium wellesi* and the medium-bodied *Dinnebitodon amarali* are similar in the microwear profiles of the individual means ([Fig 4](#pone.0220188.g004){ref-type="fig"}, [Table 3](#pone.0220188.t003){ref-type="table"}). Both have high frequencies of SP, LP, and FS; moderate frequencies of CS; and low frequencies of G and PP. However, *K*. *wellesi* features significantly more SP than *D*. *amarali*. We correlate both profiles with the consumption of food items of moderate intrinsic abrasiveness without the noticeable influence of extrinsic factors (no gouges). High counts of SP, as in *Kayentatherium* and *Dinnebitodon*, were for example observed in the muroid rodent *Acomys spinosissimus* \[[@pone.0220188.ref055]\], which is known to feed on both seeds and insects \[[@pone.0220188.ref062]\]. A high frequency of pits of all sizes was noticed in other species with an insectivore diet \[[@pone.0220188.ref059]\]. Therefore, we suggest that the main food sources of both taxa (and especially *K*. *wellesi*) were softer seeds, arils, or similar parts (on the basis of low PP counts) and soft- and/or hard-bodied insects. Owing to the high frequency of microwear features, we interpret subaerial plant parts of heterogeneous anatomy, such as leaves and shoots to have been subsidiary food resources.

The microwear profile of the single tooth of the large-bodied *Tritylodon longaevus* shows moderate frequencies of SP and FS; all other parameters have low frequencies ([Fig 4](#pone.0220188.g004){ref-type="fig"}, [Table 3](#pone.0220188.t003){ref-type="table"}). This suggests the intake of food items of low to moderate intrinsic toughness without the noticeable influence of extrinsic factors. Possible food items include subaerial plant parts of heterogeneous anatomy including leaves, shoots, and plant reproductive organs. Occasional consumption of animal matter might have occurred.

The microwear profiles of the two Russian *Stereognathus* taxa ([Fig 4](#pone.0220188.g004){ref-type="fig"}, [Table 3](#pone.0220188.t003){ref-type="table"}) are more similar to each other than either are to *Stereognathus ooliticus* (GB) (all medium-bodied). *Stereognathus sibiricus* and *Stereognathus* sp. have low or low to moderate numbers of SP and CS, and LP and FS, respectively, which we relate to the intake of soft to moderately tough food items (subaerial plant parts of heterogeneous anatomy). In contrast, the moderate to high presence of PP in both Russian taxa, especially in the Cretaceous *S*. *sibiricus*, points to the regular consumption of thick-walled seeds, cones, or other hard to leathery plant structures. The high abundance of G suggests the influence of extrinsic factors that might include contaminants of food, such as grit from the acquisition of food close to the ground. Occasional consumption of animal matter might also have occurred.

*Stereognathus ooliticus* (GB) shows moderate to high abundances of SP, LP, FS, and CS, and in contrast, very low representation of G and PP ([Fig 4](#pone.0220188.g004){ref-type="fig"}, [Table 3](#pone.0220188.t003){ref-type="table"}). Interestingly, it is the only species having high counts of both coarse features LP and CS and, regarding the latter, it is significantly different from the Russian *Stereognathus* sp. This microwear profile correlates with a mixed diet of plants and insects. It suggests consumption of food items with moderate to high intrinsic toughness, but no substantial seed or cone herbivory and negligible influence of extrinsic factors (only one of six specimens showed PP and G). Possible food items include heterogeneous plant parts with tough coatings/bark (i.e., with many cell layers thickened and strengthened by lignin or suberin) resulting in high numbers of CS. A high number of LP is evident in species that eat high quantities of insects \[[@pone.0220188.ref059]\].

All four species of *Oligokyphus* are small-bodied and their microwear profiles are rather similar: low to moderate numbers of SP, FS and CS, a high number of LP, and a moderate to high presence of PP ([Fig 4](#pone.0220188.g004){ref-type="fig"}, [Table 3](#pone.0220188.t003){ref-type="table"}). In contrast, no G were recorded except in the one specimen of *O*. *triserialis*. This solitary occurrence is interpreted to signal grit/dust intake in a somewhat drier habitat. The profiles suggest an opportunistic diet, including items with low to moderate intrinsic toughness; the high LP counts and the high presence of PP accounts for regular predation on insects and/or consumption of plant reproductive structures including seeds.

3D surface texture {#sec014}
------------------

In the 3D surface texture analysis, all analyzed taxa have relatively low values of dale area (*Sda*), medium peak curvature (*Spc*) and low peak density (*Spd*), but with some deep pit voids as indicated by large values of pit void volume (*Vvv*) ([Fig 5](#pone.0220188.g005){ref-type="fig"}, [Table 4](#pone.0220188.t004){ref-type="table"}). In general, the small--medium void depths and small--medium dale areas favor an intermediate diet of soft food items with some small but abrasive components \[[@pone.0220188.ref051]\], which we link to hard seed coats, for all taxa ([Fig 6](#pone.0220188.g006){ref-type="fig"}). The three *Stereognathus* taxa have a small--medium range of peak density (*Spd*), peak curvature (*Spc*) and void volume (*Vvv*), which suggests that they all must have had a similar diet. Comparable to the results of the stereoscopic microwear analysis, the surface texture data revealed a similar intermediate diet including both insects and plant parts. Since there is no comparative data from extant representatives, we base our interpretations on functional analogies following the ingestion and mastication related hypotheses \[[@pone.0220188.ref051]\]. In accordance with \[[@pone.0220188.ref051]\], *Dinnebitodon* and some of the *Kayentatherium* specimens also have very fine and shallow voids and are interpreted to be candidates for consumption of seeds with low-durability coats. The fine and less deep textural features of all taxa analysed further suggest low chewing forces and relatively few degrees of freedom for the chewing movements, which is further supported at a larger scale by the steep flanks and high cusp tips of teeth.

Comparing our surface texture results with surface texture-based dietary reconstructions proposed for earliest stem mammals \[[@pone.0220188.ref063]\], or small-bodied insectivorous mammalian bats \[[@pone.0220188.ref064]\], is technically challenging and only broad inferences can be drawn. Data available for both groups has been acquired applying a method called focus variation at lower resolutions, using different instrumentation, preprocessing data filtering routines and parameter sets. The only parameter used herein corresponding to those studies is pit void volume, which we link to plant as well as insect hard objects in the diet; and not only to insect prey 'hardness' as used by Purnell et al. \[[@pone.0220188.ref064]\] and Gill et al. \[[@pone.0220188.ref063]\]. However, for the tritylodontid sample, the peak density and peak curvature seem to be more important, but were not considered in the analyses by Gill et al. \[[@pone.0220188.ref063]\] and Purnell et al. \[[@pone.0220188.ref064]\].

Possible candidates for plants in the diet {#sec015}
------------------------------------------

Unless tritylodontids were extremely specialized in their feeding strategies, it is likely that the non-animal component of their diets derived from one or more of the relatively common plant groups and plant organs of the Mesozoic. On this basis, we exclude rare and geographically or stratigraphically restricted plant groups (e.g., Petriellales, *Sanmiguelia*, *Furcula*, *Anthrophyopsis*, Iraniales) from these analyses.

Given their range of dental wear features, we infer that tritylodontids consumed a mix of soft, moderate and hard plant components but relatively small amounts of mineral matter, thus excluding roots, rhizomes and tubers as primary and/or secondary food resources. Major plant groups available for herbivory did not vary greatly between the Late Triassic and Early Cretaceous ([S4 Table](#pone.0220188.s005){ref-type="supplementary-material"}). After the Aptian, angiosperms became significant components of the global floras \[[@pone.0220188.ref065]\]. However, since the youngest tritylodontids in this study are of Aptian or greater age, we exclude angiosperms as significant components of their diet for most of their history. Within each plant group, different organs and tissue types likely induced varying degrees of abrasion on vertebrate teeth ([Table 5](#pone.0220188.t005){ref-type="table"}).

10.1371/journal.pone.0220188.t005

###### Interpreted hardness of specific plant tissues as components of vertebrate diets.

![](pone.0220188.t005){#pone.0220188.t005g}

  Tissue type                           Main distribution in plants                                                                                                                              Presence in seeds, cones and other reproductive structures                                Relative hardness
  ------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------
  Xylem (tracheids and vessels)         Generally thick in stems and forming major component of leaf veins of gymnosperms; forming strands in variable arrangement in free-sporing plants        Prominent in cone axes and bracts, minor in seeds                                         Moderate to hard owing to lignin thickening over cellulose
  Cambium and phloem                    Sparse in free-sporing plants                                                                                                                            Minor                                                                                     Soft, thin, cellulose-walled cells
  Parenchyma                            Abundant in leaves, pith and roots of woody plants and in cortex of herbaceous stems. Also occur in enlarged form in specialized starch-storage organs   Locally abundant in seeds with fleshy coats or supported by fleshy arils or receptacles   Soft, thin, cellulose-walled cells; but in some cases associated with hard siliceous phytoliths
  Sclerenchyma (sclerieds and fibres)   Scattered in stems, leaves and reproductive structures as support and defensive structures                                                               Locally abundant in seeds with hard coats                                                 Hard-walled cells of cellulose and hemicellulose coated by lignin
  Collenchyma                           Mostly in angiosperms but potentially in many extinct seed ferns, especially adjacent to vascular bundles                                                Minor                                                                                     Moderate hardness owing to irregularly thickened walls of cellulose and pectin
  Periderm                              Forming secondary tissues of the outer bark of woody plants                                                                                              Absent?                                                                                   Moderate to hard tissue owing to thickening of cell walls by suberin
  Epidermis and hypodermis              Forming cell layers adjacent to the surface of leaves and young stems                                                                                    Present: one- to several-layered                                                          Low to moderate hardness; usually associated with waxy cuticle
  Gametophyte and embryo tissues        Within seeds of gymnosperms; forming a diminutive separate generation in free-sporing plants                                                             Inner 'kernel' part of seeds                                                              Soft---mostly parenchymatous storage cells.

With respect to body size, small mammalian herbivores tend to be more selective feeders on high-reward items to maintain high metabolic rates. On this basis, we infer that small-bodied tritylodontids (e.g., the four species of *Oligokyphus* analysed here) also very likely favoured plant components with higher nutritional values per unit-mass of consumed tissue, such as seeds, other reproductive organs, shoot tips or specialized starch-reserve storage structures (e.g., bulbils, corms/rhizomorphs). These organs have a mix of hard (e.g., sclerenchymatous seed coat) moderate (e.g., fibre bundle) and soft (e.g., parenchyma) tissues that are consistent with the mixed sets of abrasion features evident on the teeth of *Oligokyphus*. In the absence of preserved gut contents or coprolites, we are unable to definitively identify plant groups targeted by tritylodontids. However, on the basis of dental wear, plant stature and distribution, representation of tissue types, and Mesozoic evidence for endochory in some plant groups \[[@pone.0220188.ref066]\], we suggest that seeds/cones of conifers and Gnetales, and the ovuliferous reproductive structures and dispersed seeds of Ginkgoales, Cycadales and Mesozoic seed ferns were prime potential food sources for Tritylodontidae.

By the mid-Mesozoic, most modern hexapod groups, with the exception of social insects, were established and represented potential prey of tritylodontids \[[@pone.0220188.ref067]\]. Chitinous exoskeletons of adult insects are known to have a moderate abrasive effect as food items \[[@pone.0220188.ref060], [@pone.0220188.ref061]\]. Insect larvae, pupae, nymphs, and naiads are somewhat softer prey items owing to their unmineralised thinner exoskeletons. Other terrestrial invertebrates, especially other terrestrial and freshwater arthropods and/or annelids constituted additional potential prey items of widely variable hardness. Fungal fruiting bodies with soft to moderate-hardness chitin-walled cells may have represented a further source of nutrition.

Recently, a semiaquatic lifestyle has been proposed for *Kayentatherium wellesi* \[[@pone.0220188.ref068]\]. However, there appear to have been few aquatic vascular plants prior to the Early Cretaceous apart from small cormose isoetalean lycophytes and emergent reed-like equisetaleans. In the early part of the Cretaceous, and especially later in that period, a revolution in freshwater ecosystems was triggered by the rapid diversification of aquatic angiosperms, water-ferns and herbaceous isoetaleans \[[@pone.0220188.ref069], [@pone.0220188.ref070]\]. The dominant primary producers in Triassic to Early Cretaceous freshwater ecosystems were probably charophytes, other macroalgae and planktonic algae. Feeding on freshwater algae seems unlikely for tritylodontids since they are of low nutritional value. An aquatic lifestyle might, however, signify a diet rich in freshwater invertebrates. Living and feeding in wetlands and/or close to water could explain the lack of gouges on tooth facets, but the latter feature is also expressed in five other analyzed tritylodont species of unknown lifestyle. It should be noted that in the two Russian *Stereognathus* species and the single tooth of *Oligokyphus triserialis*, a relatively high presence of gouges is evident, which can be interpreted as signal of increased occurrence of abiotic abrasives ('grit') on food items in dry and dusty habitats.

Influence of body size on food choice? {#sec016}
--------------------------------------

The tritylodontids used in this study comprise taxa of small (all four *Oligokyphus* species), medium (all three *Stereognathus* species, *Dinnebitodon amarali*), and large body size (*Tritylodon longaevus*, *Kayentatherium wellesi*). Whether food choice is influenced by different body size is discussed here.

Neither method produced a clear signal in support for hypothesis 2. Based on the results, small pits (SP) and fine scratches (FS) are the most powerful parameters to discriminate between taxa. We see identical combinations of these two features in small- and medium-bodied taxa, small-, medium-, and large-bodied taxa, and between medium- and large-bodied taxa. Similarly, no influence of body size was found in the surface texture results.

Conclusions {#sec017}
===========

As a novel approach, we applied two methods of tooth wear analysis (stereoscopic microwear and 3D surface texture analysis) to a sample of ten species of Tritylodontidae. Independently; both approaches detected dietary adaptations that differed between species. The comparative interpretation of the results from each method led to the following conclusions:

1.  Hypothesis 1 ("All analyzed tritylodontid taxa subsisted on a predominantly herbivorous diet, i.e., primary and secondary food resources consist of living plants and/or shed plant parts") is rejected. Both tooth wear approaches suggest a varied diet of plants and plant parts together with variable amounts of animal matter. We interpret that all ten tritylodontid taxa were opportunistic in their food choice.

2.  Hypothesis 2 ("Body size had an influence on food choice") is also rejected. Both tooth wear approaches were unable to detect a correlation of body size and food choice.

3.  Very low importance of exogenous effects was found for both tooth wear approaches, i.e., dust/grit contamination of food items.

4.  The predominately fine wear features and low values of surface texture parameters make foraging for subterranean food items highly unlikely. If, however, food was harvested from underground sources, tritylodontids probably used their rodent-like incisors to break up the food item for reaching the softer inner parts.

5.  The two tooth wear approaches are in conflict regarding the three species of *Stereognathus*: features are similar in all three species for 3D surface texture; however, stereoscopic microwear found contradicting features for *Stereognathus* sp. and *S*. *sibiricus* on one hand (consumption of soft to moderately tough food items), and *S*. *ooliticus* on the other hand (consumption of moderate to highly tough food items).

6.  We summarize primary and secondary food resources in the analyzed taxa as follows: *Kayentatherium wellesi*, *Dinnebitodon amarali*: Food items of moderate intrinsic toughness (mixed diet of softer seeds and soft- and/or hard-bodied insects)*Stereognathus* sp. and *Tritylodon longaevus*: Food items of low to moderate intrinsic toughness (mixed diet of subaerial plant parts of heterogeneous anatomy and softer seeds); insects as a subsidiary food resource*Stereognathus sibiricus*: Food items of low to moderate intrinsic toughness (mixed diet of seeds, cones, or other hard to leathery plant structures); insects as a subsidiary food resource; some influence of extrinsic factors*Stereognathus ooliticus*: Food items of moderate to high intrinsic toughness (mixed diet of subaerial plant parts with tough coatings/bark and soft- and/or hard-bodied insects); note that this interpretation is based only on the results from stereoscopic microwear*Oligokyphus major*, *Oligokyphus* sp. (GB), *Oligokyphus* sp. (US), *Oligokyphus triserialis*: Food items of low to moderate intrinsic toughness (mixed diet of plant reproductive structures including seeds and soft- and/or hard-bodied insects); but some influence of extrinsic factors in *O*. *triserialis*

7.  The application of two independent methods of tooth wear analysis---differing with respect to magnification, parameters quantified and illumination---strengthens the results. These complementary methods facilitate a more detailed dietary reconstruction and functional interpretation for Tritylodontidae.

Supporting information {#sec018}
======================

###### Examples of tooth morphology and wear facets in Tritylodontidae.

\(a\) Skull of *Oligokyphus* sp. (MCZ 8843) in ventral view. This specimen was excluded from analysis because of postmortem alterations on the wear facets. (b) and (c) Wear facets (on high-resolution casts) of lower postcanines of *Kayentatherium wellesi* (MCZ 8811). In all three images, anterior is to the right.

(TIF)

###### 

Click here for additional data file.

###### Specimen details of the tritylodontid taxa analysed.

Country codes refer to ISO 3166--1 alpha-2. Abbreviations: L, large-bodied; M, medium-bodied; pc, lower postcanine; PC, upper postcanine; S, small-bodied. Acronyms to museum collections: BRSUG: Geology Museum, University of Bristol, Bristol, GB; FMNH: Finnish Museum of Natural History, Helsinki, Finland; GLRCM: Gloucester City Museum, Gloucester, GB; GPIT: Paläontologische Sammlung, Fachbereich Geowissenschaften, Universität Tübingen, DE; MCZ: Museum of Comparative Zoology, Harvard, Massachusetts, USA; NHMUK: Natural History Museum, London, GB; USNM PAL: National Museum of Natural History, Department of Paleobiology, Washington D.C., USA; ZIN PH: Paleoherpetological collection of the Zoological Institute, Russian Academy of Sciences, Saint Petersburg, RU.

(PDF)

###### 

Click here for additional data file.

###### ANOVA test results of tritylodontid species with N ≥ 2.

Numerical parameters of stereoscopic microwear (small pits, large pits, fine scratches, and coarse scratches) and parameters of 3D surface texture (pit void volume, peak density, peak curvature, and dale area) are shown. Significant p-values are in bold.

(PDF)

###### 

Click here for additional data file.

###### PCA variances and loadings of the significant parameter variables for stereoscopic microwear and 3D surface texture.

Abbreviations (as ordered in table): SP = small pits; LP = large pits; FS = fine scratches; CS = coarse scratches; *Spd*\_rank = peak density (rank-transformed); *Spc*\_rank = arithmetic mean peak curvature (rank-transformed); *Sda*\_log = mean dale area (log-transformed); *Vvv*\_log = pit void volume (log-transformed).

(PDF)

###### 

Click here for additional data file.

###### Key characters of major, widely distributed, Mesozoic plant groups.

(PDF)

###### 

Click here for additional data file.

For access to specimens, we are indebted to Alexander Averianov (Zoological Institute of the Russian Academy of Sciences, Saint Petersburg); to †Farish Jenkins and Jessica Cundiff (Museum of Comparative Zoology, Harvard University); to Hans-Dieter Sues (National Museum of Natural History, Washington); to Mike Day (Natural History Museum, London, UK); to Claudia Hildebrandt (Bristol University Museum of Geology, GB); to Susan Evans (University College London, UK); to David Rice and Angela Smith (Gloucester City Museum, Gloucester, GB); to Björn Kröger (Palaeontological Collections of the Finnish Museum of Natural History), and to Philipe Havlik (paleontological collections of Tübingen University). We thank Georg Oleschinski (Paleontology, University of Bonn) for specimen images, and Olaf Dülfer (Paleontology, University of Bonn) and Bo Delling (Swedish Museum of Natural History, Stockholm) for technical assistance. We thank Leandro Gaetano (University of Buenos Aires) and Eva Hoffman (University of Texas) for their help with tritylodontid body size data. Our sincere thanks go to the two reviewers, Zhe-Xi Luo (University of Chicago, USA) and Mugino Kubo (The University of Tokyo, Japan) for providing thoughtful reviews as well as to Laurent Viriot as Academic Editor.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: ‡ These authors also contributed equally to this work and are listed alphabetically.
